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Discriminating microsatellites from Macrophomina
phaseolina and their potential association to biological
functions
R. S. Ariasa*, J. D. Rayb, A. Mengistuc and B. E. Schefflera
aUSDA-ARS MSA Genomics and Bioinformatics Research Unit, 141 Experiment Station Road, Stoneville, MS 38776; bUSDA-ARS
Crop Genetics Research Unit, 141 Experiment Station Road, Stoneville, MS 38776; and cUSDA-ARS Crop Genetics Research Unit,
605 Airways Boulevard, Jackson, TN 38301, USA
One hundred and eighty-two microsatellites or simple-sequence-repeat (SSR) markers for Macrophomina phaseolina were
developed. These were tested on 24 isolates ofM. phaseolina obtained from seven plant species, and the genetic variation of
isolates was studied in relation to potential biological processes that could be affected in this fungus. A total of 120 SSR
markers were polymorphic, amplifying >90% of the 24 isolates tested. Thirty percent of the markers showed multiple alleles
on individual samples. A large number of markers showed unique alleles in isolates collected from pumpkin and snap bean.
DNA sequences corresponding to 43 markers had significant hits on BLASTx and ⁄or BLAST2GO, and the polymorphism of 36
of those markers showed specific allele patterns for one or more plant host origin of the isolates. Additional tests on growth
rate and copper resistance of the isolates identified markers that could be related to those traits. In addition, 27 markers were
monomorphic and amplified all 24 isolates. Whereas polymorphic markers can be used for population genetics studies of
M. phaseolina, the group of 27 monomorphic markers could help in the fast identification of this species in clinical speci-
mens. The SSR markers developed here will enrich the limited molecular marker resource in M. phaseolina and could be
used as the basis for more in-depth studies of the host-pathogen interactions ofM. phaseolina.
Keywords: charcoal rot, copper sensitivity, field crops, genetic markers, in vitro mycelial growth, molecular finger-
printing, simple-sequence-repeat
Introduction
Macrophomina phaseolina (=M. phaseoli) is the causal
agent of charcoal rot disease on a large number of plant
species.Macrophomina phaseolina has been reported on
four continents with a wide host range affecting more
than 500 cultivated and wild plant species (Mihail &
Taylor, 1995) that include economically important crops
such as soybean, cotton,maize, sorghum (Cloud&Rupe,
1991; Su et al., 2001), cassava (Msikita et al., 1998) and
sunflower (Khan, 2007). In the United States, estimated
soybean yield loss to charcoal rot can reach millions of
metric tons (Wrather&Koenning, 2006), whilst in other
crops, such as sunflower, losses caused by charcoal rot
can reach 60–90% if the conditions are favourable for
infection (Khan, 2007).
Macrophomina phaseolina is an anamorphic ascomy-
cete in the family Botryosphaeriaceae, and the absence of
a known teleomorph has hindered its taxonomy over the
years (Kulkarni&Patil, 1966; Crous et al., 2006). In fact,
it took a thorough phylogenetic study performed on 113
members of the family Botryosphaeriaceae using ribo-
somal DNA sequences, to be able to separate the genera
Macrophomina and Tiarosporella (Crous et al., 2006).
Althoughmostly knownas aplantpathogen,M.phaseoli-
na is also an opportunistic human pathogen (Tan et al.,
2008; Srinivasan et al., 2009), and so far, strains that
invade plants or humans are indistinguishable from each
other (Srinivasan et al., 2009). As M. phaseolina is only
present in asexual form, its identification in clinical
human samples requires molecular techniques, such as
DNA sequencing of the internal transcribed spacer (ITS)
region (Bagyalakshmi et al., 2008). This approach, how-
ever, is not ideal in clinical cases when the fast identifica-
tion of this fungus is critical for timely diagnosis and
treatment of infection (Srinivasan et al., 2009).
Plant pathogenic isolates ofM. phaseolina have shown
variation inmorphological andphysiological characteris-
tics (Pearson et al., 1986a,b) as well as in the pathogenic-
ity or host specificity (Diourte et al., 1995; Maye´k-Pe´rez
et al., 2001; Su et al., 2001; Reyes-Franco et al., 2006),
thoroughly reviewedbyNdiaye (2007).Genetic variation
has also been detected among M. phaseolina isolates
using random amplified polymorphic DNA (RAPD)
which identified an association between M. phaseolina
and the plant-host origin of the isolates (Su et al., 2001;*E-mail: renee.arias@ars.usda.gov
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Purkayastha et al., 2006; Rajkumar & Kuruvinashetti,
2007). Similar associations were revealed by the use of
universal rice primers (URP) (Jana et al., 2005b) and by
random amplification of fragments using oligo repeats
(Jana et al., 2005a; Purkayastha et al., 2008; Saleh et al.,
2010). However, techniques such as RAPDs and URP
result in randomly amplified fragments which have lim-
ited use in discovering the genetic basis of the host-patho-
gen associations as no genes or gene functions are
determined by thesemethods.
Microsatellites on the other hand, also known as sim-
ple sequence repeats (SSRs), have been the most widely
applied class of molecularmarkers used in genetic studies
with applications in many fields of genetics including
genetic conservation, population genetics, molecular
breeding and paternity testing (Ellegren, 2004). This
range of applications is due to the fact that microsatellite
markers are co-dominant, multi-allelic, highly reproduc-
ible, have high-resolution, and are based on the polymer-
ase chain reaction (PCR) (Oliveira et al., 2006). As a
convention, SSRs are regions in the genome where a
group of bases (1–8 bp long) are repeated in tandem
(Richard et al., 2008). These regions can be isolated either
bydatamining of existing genomic sequences or by gener-
ating SSR-enriched libraries (Kijas et al., 1994; Zane
et al., 2002).
Currently, genetic information on M. phaseolina is
scarce with only 145 expressed sequence tags (ESTs) and
222 nucleotide sequences (46 of them containing repeats)
in the National Center for Biotechnology Information
(NCBI); therefore, data mining to isolate microsatellites
is not an option. So far, only 13 sequence-specific micro-
satellites have been reported for M. phaseolina; these
were tested on fungal isolates from soybean (Baird et al.,
2009) and from several other plant hosts (Baird et al.,
2010). In those reports, no relationships were established
between the DNA sequences of the microsatellites and
putative genes that could be affected by the presence of
polymorphisms.
Recently, a mechanistic approach to find genetic vari-
ants associated with ecologically relevant phenotypic
variation has been proposed. This approach involves pre-
dicting the impact of variations based on previous knowl-
edge of gene function and then testing these hypotheses
(Dalziel et al., 2009). Thus, the use of multiple-loci
sequence-specific microsatellite markers in connection
with biological functions inM. phaseolina could provide
insight towards understanding the host-pathogen rela-
tionship. In the present study a large number of microsat-
ellites from M. phaseolina were isolated, the markers
were tested on isolates obtained from seven different host
species (Table 1), and then comparative genomics was
used to gain insight into the genetic variation and possible
biological processes that may contribute to specific host
associations of this fungal pathogen. The results of this
research show the potential of relating microsatellites to
biological functions in M. phaseolina to elaborate
testable hypotheses that can help in understanding the
ecological fitness of this pathogen.
Materials and methods
Fungal isolates
Macrophomina phaseolina isolates were collected from
each specific plant host after the crop had matured. Plant
hosts included: sunflower (Helianthus annuus), cotton
(Gossypium hirsutum), snap bean (Phaseolus vulgaris),
maize (Zea mays), soybean (Glycine max), pumpkin
Table 1 Origin ofMacrophomina phaseolina isolates from the USA
including their corresponding hosts, location, and accession numbers at
CBS-KNAW Fungal Biodiversity Center, the Netherlands
Isolate Location Host
CBS
numbera
TN4
(I-4280)
Jackson, TN Soybean (Glycine max) 126630
TN5 Ames, TN Soybean (Glycine max) 126631
TN146 Neosho, MO Soybean (Glycine max) 126632
TN261 Milan, TN Soybean (Glycine max) 126633
TN272 Stoneville, MS Soybean (Glycine max) 126634
TN280Ab Jackson, TN Soybean (Glycine max) 126635
TN280B Jackson, TN Soybean (Glycine max)
TN291A Jackson, TN Snapbean (Phaseolus
vulgaris)
126636
TN291B Jackson, TN Snapbean (Phaseolus
vulgaris)
TN292 Milan, TN Sunflower (Helianthus
annuus)
126637
TN293A Jackson, TN Pumpkin (Cucurbita
pepo)
126638
TN293B Jackson, TN Pumpkin (Cucurbita
pepo)
TN294 Milan, TN Maize (Zea mays) 126639
TN295A Dyer Co., TN Sorghum (Sorghum
bicolor)
126640
TN295B Dyer Co., TN Sorghum (Sorghum
bicolor)
TN296 Jackson, TN Cotton (Gossypium
hirsutum)
126641
TN305 Madison, WI Soybean (Glycine max) 126642
TN314 Cherokee Co.,
KS
Soybean (Glycine max) 126643
TN377 Dunklin Co.,
MO
Soybean (Glycine max) 126644
TN378 Stoddard Co.,
MO
Soybean (Glycine max) 126645
TN379 New Madrid Co.,
MO
Soybean (Glycine max) 126646
TN410 Jackson, TN Sunflower (Helianthus
annuus)
126647
TN411 Milan, TN Sunflower (Helianthus
annuus)
126648
TN413 Jackson, TN Maize (Zea mays) 126649
aCBS: accession numbers assigned by CBS-KNAW Fungal
Biodiversity Centre, the Netherlands. Only typical charcoal rot
isolates were submitted to the CBS collection.
bA: typical charcoal rot characteristics, B: charcoal rot
characteristics but developed a very light coloration in liquid
culture. TN numbers without A or B identifiers showed typical
charcoal-rot characteristics.
2 R. S. Arias et al.
Plant Pathology (2011)
(Cucurbita pepo) and sorghum (Sorghum bicolor)
(Table 1). Lower stems and root sections from about 10
plants were cut and thoroughly washed and dried. Dry
samples were cut into 0Æ25 cm pieces and were placed in
acidified potato dextrose agar (A-PDA) (Difco Laborato-
ries) and incubated at 30C for 4 days. Hyphal tip cul-
tures were then transferred to new A-PDA plates and
incubated for 4 days. The hyphal tip cultures were then
transferred to a flask with 25 mL potato dextrose broth
and grown on a shaker at 75 r.p.m. for 5 days. The cul-
ture suspension was filtered using vacuum suction and
placed into 15 mL tubes for DNA extraction. Accession
numbers assigned byCBS-KNAWare listed inTable 1.
Isolation of microsatellites
DNA forMacrophomina phaseolina strain TN4 (I-4280)
was extracted with DNeasy Plant Maxi kit (Qiagen).
SSR-enriched libraries were generated by subtraction
hybridization using multiple biotinylated oligo repeats,
following the protocol of Techen et al. (2010) briefly
described here. DNA from M. phaseolina was digested
with restriction enzymes AluI, HaeIII, DraI and RsaI
(New England Biolabs) individually and with combina-
tions of RsaI + HaeIII and DraI + XmnI. The blunt-end
DNA fragments were A-tailed with Taq-DNA Polymer-
ase (Promega) in the presence of dATP for 2 h, then
ligated for 3 h at 16C to a linker made from oligos
SSRLIBF3: 5¢-CGGGAGAGCAAGGAAGGAGT-3¢ and
SSRLIBR3: 5¢Phos-CTCCTTCCTTGCTCTCTCCCGA
AAA-3¢ (Techen et al., 2010). The ligated fragments were
purified with MinElute (Qiagen) and amplified by 20
cycles of PCR using primer SSRLIBF3 and High Fidelity
DNA Polymerase (Invitrogen) at: 94C for 30 s, 60C for
30 s and 68C for 90 s. The amplified products were
hybridized to two groups of biotinylated oligo repeats,
similar to the groups listed by Glenn & Schable (2005):
group 2 [(AG)12, (AAC)6, (AAG)8, (ACT)12, (ATC)8],
group 3 [(AAAC)6, (AAAG)6, (AATC)6, (AATG)6,
(ACAG)6, (ACCT)6, (ACTC)6, (ACTG)6] and group 4
[(AAAT)8, (AACT)8, (AAGT)8, (ACAT)8, (AGAT)8];
primers were purchased from Invitrogen. The final con-
centration of each oligo in the mix was 1 lM, and 2 lL of
each oligomixwas used in 50-lLhybridization reactions.
Hybridizations were performed in a gradient thermocy-
cler at 95C for 10 min, followed by 3 h at the annealing
temperature using a gradient block at 50C for groups 2
and4and53C for group3, followedby an extension step
of 10 min at 68C in the presence of High Fidelity Taq
Polymerase (Invitrogen) as indicated in Hayden et al.
(2002). Sequences containing repeats were captured
using streptavidin-coated magnetic beads M-270 (Invi-
trogen) in a Labquake tube shaker ⁄ rotator (Barn-
stead ⁄Thermoline) at 22C for 1 h (Kijas et al., 1994).
After binding, the beads were washed with 0Æ5 · SSC at
ambient temperature and 0Æ5 · SSC at 50C for 5 min
each. Elution of the DNA from the biotinylated oligos
was done with 60 lL MilliQ water at 96C for 5 min,
twice. The eluate was PCR amplified for 20 cycles as
indicated for the ligation step, the PCR products were
cloned in vector TOPO4 (Invitrogen) and sequenced
using an ABI 3730XL DNA Analyzer (Applied Biosys-
tems). Sequences were assembled in contigs using DNAS-
TAR Lasergene7 (DNASTAR, Inc.) and checked visually.
Repeats were searched using SSRFinder (Sharopova
et al., 2002) and Sputnik (available from Chris Abajian,
University of Washington, WA, USA; chrisa@espresso-
software.com). Primers were designed using PRIMER3
(Rozen & Skaletsky, 2000) with stringent parameter
conditions: Tm 63C optimum (min ⁄max 60 ⁄65C),
length 24 bp optimum (min ⁄max 20 ⁄28 bp), 3¢ GC
clamp, andmaximumoverlap of repeat within the primer
was 5 bp.
Fingerprinting
Using stringent conditions in PRIMER3 software, 182 prim-
ers were designed on the flanking regions of the repeats
and 24 strains of M. phaseolina collected from different
hosts were tested (Table 1). Forward SSR primers were 5¢
tailed with the sequence 5¢-CAGTTTTCCCAGTCAC
GAC-3¢ to permit product labelling, and reverse primers
were tailed at the 5¢ end with the sequence 5¢-GTTT-3¢ to
promote non-template adenylation (Brownstein et al.,
1996). Primer 5¢-CAGTTTTCCCAGTCACGAC-3¢
labelled with 6-carboxy-fluorescein (FAM) (IDT-Tech-
nologies) was used for amplification of 10 ng DNA using
Titanium Taq DNA Polymerase (Clontech) in 5 lL reac-
tions on an M&J thermal cycler (BioRad) at 95C for
1 min, 60C for 1 min (2 cycles), 95C for 30 s, 60C for
30 s, 68C for 30 s (27 cycles) and a final extension at
68C for 4 min. Fluorescently-labelled PCR fragments
were analyzed on an ABI 3730XL DNA Analyzer and
data processed using GENEMAPPER v. 3.7 (both from
Applied Biosystems). Presence of alleles was converted to
a binary matrix. Cluster analysis of SSR marker results
for M. phaseolina isolates was performed using the
unweighted paired group method and arithmetic aver-
ages (UPGMA) algorithm implemented in the SAHN program
of NTSYSpc v. 2.2 (Exeter Software). The confidence levels
for the dendrograms were assessed by bootstrap re-sam-
pling (5000 replicates) (Felsenstein, 1985; Efron et al.,
1996) usingWINBOOT (Yap&Nelson, 1996).
Percentage of multiallelic loci, unique pattern
informative combinations (UPIC) and BLAST of contig
sequences
Thepercentage ofmultiallelic lociwas calculated for each
accession across all the SSR markers tested. Unique pat-
tern informative combinations (UPIC) were also calculated
to identify the most informative markers and marker
combinations that could discriminate all isolates evalu-
ated. The percentage of multiallelic loci and UPIC-values
were both calculated using UPIC Perl scripts (Arias et al.,
2009). Contig sequences containing microsatellites were
screened against the NCBI Protein and Nucleotide
Databases (BLASTx, BLASTnr) (Altschul et al., 1990).
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An additional BLAST to gene ontology was performed for
all the sequences (BLAST2GO, http://www.blast2go.org).
Growth rate and copper resistance
The markers that best discriminated M. phaseolina iso-
lates in the cluster analysis according to plant host were
examined, and the BLASTx was analyzed for the sequences
containing the discriminating microsatellites. Based on
the allele distribution on thosemarkers and BLASTx results
it was decided to evaluate the growth rate and possible
copper resistance in relation to host association. A subset
of 16 M. phaseolina isolates was used for these tests (for
isolates with the same name, those with typical charcoal
rot characteristics were used; suffix ‘A’, Table 1). For
growth rate, discs (6 mm diameter) of fungal colonies
were placed on PDA in the centre of Petri dishes with five
plates per isolate and incubated at 30C. Radii of the col-
onies were measured every 12 h for a 48 h period. Data
were analyzed as repeatedmeasures using PROCMIXED and
means compared by Tukey’s test using SAS (Statistical
Analysis System Institute).
Copper resistance ofM. phaseolina isolateswere tested
by adding copper sulphate (CuSO4.H2O, Mallinckrodt)
as crystals to autoclaved PDAmedium to make final con-
centrations of 0 (control), 0Æ3, 0Æ6, 1Æ2, 2Æ4, 3Æ2 and
4Æ8 mM, and then added to Petri dishes. Five plates per
copper sulphate concentrationwere inoculated with each
isolate (1 plug of 5 mmdiameter) in the centre of the dish
and incubated at 30C.Whenmycelial growth on control
agar reached the edge of the dish, the radius of the fungal
colonies was measured for all concentrations. Results
were analyzed by ANOVA andmeans compared by Tukey’s
test using SAS.
Results
Fungal isolates, repeat symmetry and frequency
Macrophomina phaseolina isolates used in the present
work have been stored in CBS-KNAW Fungal Biodiver-
sity Center, theNetherlands with accession numbers CBS
126630–126649 (Table 1). SSR-enriched genomic
libraries were generated fromM. phaseolina, 864 clones
were sequenced from these libraries and 531 repeats
detected, 528 of which were microsatellites (1–8 bp
motifs) and three were minisatellites (‡9 bp motifs). To
simplify the recording of the repeat motifs, circular per-
mutations and reverse complements of the motif
sequences were grouped together as one type, i.e. AAC,
ACA, CAA, GTT, TGT, TTG were recorded as AAC.
The most abundant repeat motif in these libraries was
AG, followed by ATC, AC and AAG. A summary of the
abundance of each repeatmotif is shown in Table S1. The
three minisatellites detected were two 14 bp motifs
(CTCACTCACACACA and ACACACACTCACTC)
and one 13 bpmotif (CACCACCTTCCAT), thoughonly
the latter was tested as a potential marker. A total of
680 M. phaseolina sequences have been submitted to
GenBank, NCBI, with accession numbers GU943792-
GU944472; the marker ID numbers indicated in this
manuscript correspond to the contig numbers for the
sequences submitted to theNCBIDatabase.
Marker description, multiallelic loci and UPIC values
One hundred and eighty-two primer sets were designed
and tested, from which 147 amplified >90% of the
24 M. phaseolina isolates tested, 23 amplified <90% of
the samples and 12 did not result in amplification. The
group of 147primer setswas used for cluster analysis. Pri-
mer sequences are listed in Table S2, and brief results for
BLASTx (Altschul et al., 1990) of their corresponding con-
tig sequences are listed in Table S3. These 147 markers
amplified between 2 and 15 alleles. The number of ampli-
cons for each isolate was in general one; however, 50 of
the markers resulted in 2–6 amplicons on individual
DNA samples. Interestingly, 11 of those 50 markers had
scores ‡50 on BLASTx. Overall, the 147 markers amplified
624 alleles, with an average of five alleles per marker.
One interesting finding was that in seven markers
(StvMPh_558skb, StvMPh_380ska, StvMPh_473,
StvMPh_46, StvMPh_52, StvMPh_197 and StvMPh_45)
there were isolates harbouring either allele A or allele B,
while other isolates had both alleles, which may reflect
the presence of heterokaryons. In general, the calculated
percentage of multiallelic loci in M. phaseolina isolates
from soybean (average 7Æ4%) was lower than for isolates
from maize, pumpkin, snap bean and sunflower, which
ranged from an average of 10Æ8–12Æ1% (Fig. 1). The total
range for percentage of multiallelic loci was from a mini-
mum of 5Æ6% for soybean isolate TN272 to a maximum
of 16Æ9% for sunflower isolate TN410 (Fig. 1), indicating
a variable degree of heterozygosity in the isolates.
When a large number of microsatellite markers are
developed, it is useful to identify subsets of markers that
can provide the maximum discrimination of DNA sam-
ples, thus reducing the cost of future experiments. The
software called UPIC (unique pattern informative combi-
nation) determines the number of samples discriminated
by each microsatellite marker (UPIC score) and identifies
the combination of theminimumnumber ofmarkers that
can discriminate all the samples tested (Arias et al.,
2009). The UPIC software was used to identify the best
markers to use in future experiments withM. phaseolina,
and the UPIC scores different from zero were reported, as
zero indicates that no sample is being uniquely discrimi-
nated by themarker (Table 2).
Cluster analysis and genetic variation of
M. phaseolina isolates in relation to host specificity
Cluster analysis was performed for the 24 M. phaseolina
isolates collected from seven species of plant hosts and
the 147 SSR markers described above. A dendrogram
summarizing the relationships among isolates is shown in
Figure 1. Also listed in the figure are crop names that
correspond to the crop from which the pathogens were
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isolated, the percentage of multiallelic loci and the num-
ber ofmarkerswith unique alleles shown on isolates from
specific plant hosts. Three of the samples (TN146,
TN295A and TN295B) were collected from crops grown
for the first time in those field plots. Thus, next to the crop
from where these three isolates were obtained, the crops
grown for several years in those field plots until the season
before sampling are indicated in parentheses. Setting an
arbitrary genetic-distance threshold of 0Æ70 in the den-
drogram identified four clusters (Fig. 1). Based on the
hosts fromwhich the funguswas isolated, Cluster I corre-
sponded mostly to isolates from sunflower + maize,
Cluster II only an isolate from maize, Cluster III
was mostly isolates from soybean, and Cluster IV
TN291A
TN291B
TN293A
100
100
100
Crop
Snap bean
Snap bean
Pumpkin
I V
Mal (%)
9·94
11·79
10·43
M. U. alleles
22
50
TN293B
TN379
TN296
TN314
TN272
TN261
100
10099
69
100
Pumpkin
Soybean
Cotton
Soybean
Soybean
Soybean
I I I
11·22
7·86
7·08
12·19
5·63
6·24
28
2
TN280B
TN280A
TN378
TN305
TN377
TN5
90
89
62
100
Soybean
Soybean
Soybean
Soybean
Soybean
7·08
7·95
6·95
5·70
7·17
6·92
TN295A
TN295B
TN292
I-4280
TN294
70
Soybean
Sorghum (soybean)
Sorghum (soybean)
Sunflower
Soybean
MaizeI I
7·25
7·00
6·24
7·25
7·75
0·010·200·400·590·78
TN146
410
413
411
100
94
99
Soybean (alfalfa)
Sunflower
Maize
Sunflower
I 7·6916·89
15·36
13·17
31
0·70
Genetic distance
Figure 1 Cluster analysis of 24 isolates of Macrophomina phaseolina using 147 microsatellite markers and the unweighted paired group
method and arithmetic averages (UPGMA) algorithm implemented in the SAHN program of NTSYSpc v. 2.2. Bootstrap values of 5000 resampling
are shown at the nodes. MaL (%): multiallelic loci in percent, represents the percentage of loci that showed multiple amplicons. M. U. Alleles:
number of markers with unique alleles found either on a particular sample or host. Dashed vertical line at an arbitrary genetic distance of 0Æ70
separates the four clades. In parenthesis, crops grown for several years in the plots until the season before sampling.
Table 2 Unique pattern informative combination (UPIC) values different from zero, calculated forMacrophomina phaseolinamicrosatellite markers using the
UPIC software (Arias et al., 2009). The eight markers indicated in bold can be used together to discriminate all 24 isolates
Marker UPIC score Marker UPIC score Marker UPIC score Marker UPIC score
StvMPh_641a 5 StvMPh_52a 3 StvMPh_372a 2 StvMPh_207a 1
StvMPh_29c 4 StvMPh_49a 3 StvMPh_5a 2 StvMPh_102a 1
StvMPh_248a 4 StvMPh_209a 2 StvMPh_310a 2 StvMPh_461a 1
StvMPh_155a 4 StvMPh_401a 2 StvMPh_1a 2 StvMPh_378a 1
StvMPh_45a 4 StvMPh_94a 2 StvMPh_215b 2 StvMPh_289a 1
StvMPh_484a 4 StvMPh_197a 2 StvMPh_532a 1 StvMPh_16a 1
StvMPh_329a 4 StvMPh_354a 2 StvMPh_81a 1 StvMPh_226ska 1
StvMPh_173a 3 StvMPh_182a 2 StvMPh_47a 1 StvMPh_61a 1
StvMPh_247a 3 StvMPh_46a 2 StvMPh_165a 1 StvMPh_397b 1
StvMPh_507a 3 StvMPh_137a 2 StvMPh_190a 1 StvMPh_34a 1
StvMPh_25a 3 StvMPh_31b 2 StvMPh_15a 1 StvMPh_415b 1
StvMPh_232a 3 StvMPh_426a 2 StvMPh_558a 1 StvMPh_449a 1
StvMPh_19b 3 StvMPh_63a 2 StvMPh_352a 1 StvMPh_562c 1
StvMPh_254b 3 StvMPh_511a 2 StvMPh_578a 1 StvMPh_65a 1
StvMPh_368a 3 StvMPh_27a 2 StvMPh_280a 1 StvMPh_123a 1
StvMPh_273a 3 StvMPh_534b 2 StvMPh_146a 1 StvMPh_314a 1
StvMPh_99a 3 StvMPh_253a 2 StvMPh_380ska 1 StvMPh_430a 1
StvMPh_328a 3 StvMPh_22a 2 StvMPh_143a 1 StvMPh_473a 1
StvMPh_230a 3 StvMPh_54a 2 StvMPh_109a 1 StvMPh_443a 1
StvMPh_114a 3 StvMPh_144a 2 StvMPh_131a 1 StvMPh_14a 1
StvMPh_460b 3 StvMPh_92a 2 StvMPh_8a 1 StvMPh_558ska 1
StvMPh_174a 3 StvMPh_132a 2 StvMPh_558b 1 StvMPh_548a 1
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corresponded to isolates from pumpkin + snap bean.
High bootstrap values, 90–100%, were calculated for
most nodes of the dendrogram. The clear separation was
a result of the large number ofmarkerswith unique alleles
for particular hosts. In some of the samples, the markers
showed alleles not present in the rest of the isolates, i.e. 22
markers had alleles only present in snap bean isolates and
28 markers had alleles only present in pumpkin isolates.
For isolate TN146 from ‘soybean (alfalfa)’ there were 31
markers with alleles not shared by any other isolate,
whereas two markers had distinct alleles for the cotton
sample. In addition, 50 markers showed amplicons that
could discriminate pumpkin and snap bean from the rest
of the isolates. No single marker could distinguish the
samples labelled as ‘sorghum (soybean)’ from the rest of
the soybean isolates.Macrophomina phaseolina isolates
from soybean all grouped into Cluster III with the excep-
tion of TN146. Markers that showed distinct amplicon
patterns among the four clusters are shown inTable 3.
Forty SSRmarkers described here had BLASTx-score val-
ues of 50 or higherwhen their contig sequenceswere com-
pared to NCBI databases (Table S3). At the same time,
many of these SSR markers discriminated isolates by
plant host. Biological processes deduced from the marker
sequences using BLAST2GO (2009) included morphogene-
sis, solute transport, apoptosis, signal transduction, oxi-
dation reduction and biosynthesis (data not shown).
Essentially, the genetic variation observed could be
related to fungal physiology and host origin of the
M.phaseolina isolates (Table S3).
Growth rate and copper resistance
Some of the SSR markers that best distinguished the
four main clusters in the cluster analysis were related to
growth rate and copper resistance (Fig. 1, Table 3) and
these responses were examined in more detail. For
example, samples from Cluster IV showed the slowest
growth rate (Table 4a), and had unique alleles 120 and
171 for markers StvMPh_146a and StvMPh_310a,
respectively (Table 3). Samples from Clusters II and IV
had the lowest resistance to copper (Table 4b) and had
alleles 107 and 112 for marker StvMPh_182a, not pres-
ent on other clusters (Table 3). Among these markers,
StvMPh_146a and StvMPh_310a corresponded to
Snd1 ⁄p100-transcription factor and a nuclear elonga-
Table 3 Markers that most clearly distinguished the four clusters of isolates ofMacrophomina phaseolina indicated in the dendrogram. Numbers in each
cluster column are the allele sizes for the corresponding locus
Locus
Alleles present
BLASTX and BLAST2GO Score ExpectedCluster I Cluster II Cluster III Cluster IV
StvMPh_310a 165 168 169, 175 171 X: Nuclear elongation and
deformation protein, lipin Smp2,
gb|EEH09799Æ1|
2GO: no GO terms
139 8Æ00E-32
StvMPh_461a 117, 117 +
173, 173 +
122
122 115 95 X: Pisatin demethylase, cytochrome
p450, ref|XP_001259930Æ1|
2GO: Oxidation reduction; metal ion
binding, methyltransferase activity
138 1Æ08E-51
StvMPh_146a 100 100 112 120 X: Snd1 ⁄ p100 transcription factor,
gb|EDP51668Æ1|
2GO: RNA interference; nucleic
acid binding, hydrolase activity
91 1Æ67E-15
StvMph_562c 121, 145 179 182 177 168 X: ref|XP_001263010Æ1| enoyl-CoA
hydratase ⁄ isomerase family
protein
2GO: Metabolic process;
catalytic activity, lyase activity,
isomerase
78 4Æ90E-06
StvMPh_63a 165 157 161, 171, 177 165, 173 X: NmrA-like family protein,
gb|EED12072Æ1|
2GO: Metabolic process; catalytic
activity, binding
49Æ3 1Æ00E-04
StvMPh_415b 186, 202, 235 170 182 181, 184 X: low score (riboflavin
biosynthesis)
2GO: no GO terms
StvMPh_182a 103, 108, 135 107 106, 116, 118 112 X: low score (copper oxidase)
2GO: no GO terms
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tion protein, both related to cell growth (Tong et al.,
1995; Shaw et al., 1998). To further investigate a possi-
ble association between these two markers and growth
rate, a subset of 16 isolates were evaluated for their
growth on PDA medium at 12 h interval samplings
using five technical replicates. The overall colony radius
of the isolates after 48 h incubation is shown in Table 4.
A gradient of growth rates was observed for the isolates,
with the fastest being TN261 and TN146, isolated from
soybean, and the slowest TN293 isolated from pumpkin
(P £ 0Æ01), Table 4. On average, isolates from Clusters I
and III had faster growth rates than the isolates in
Cluster IV (Table 4). It remains to be tested if alleles
present in Cluster III isolates for markers StvMPh_146a
and StvMPh_310a are also present in other fast growing
isolates.
Another SSRmarker that clearly distinguished the vari-
ous clusters was StvMPh_182a, which had a low score
homology to a copper oxidase or copper resistance pro-
tein. Copper resistance was analysed in a subset of
16 M. phaseolina isolates to find possible relationships
between the marker and the physiology of the pathogen.
These isolates were grown on seven copper sulphate con-
centrations (0, 0Æ3, 0Æ6, 1Æ2, 2Æ4, 3Æ2 and 4Æ8 mM). In a pre-
vious study with the dimorphic fungus Mucor rouxii,
copper sulphate concentrations of 3Æ2, 4Æ8 and 6Æ0 mM
were considered to be high, and strains whose spores
could germinate and grow on 6Æ0 mM were considered
resistant (Ramirez-Salgado et al., 1996). Growth at cop-
per sulphate concentrations of 0Æ3and0Æ6 mMdidnot sig-
nificantly differ from the copper-free control on any of
theM. phaseolina isolates (a £ 0Æ05).None of the isolates
grew at 4Æ8 mM copper sulphate; results for concentra-
tions of 2Æ4 and 3Æ2 mM combined are shown in Table 4.
The most resistant isolates were TN261 and TN292
(P £ 0Æ01) located inCluster III and themost sensitive iso-
lates were TN291, TN293 andTN294 (P £ 0Æ01) located
in Clusters II and IV (Table 4). In addition to
StvMPh_182a, another twomarkers that would be inter-
esting to analyze in relation to copper resistance, both by
biological process and allele sizes were StvMph_94a and
StvMph_116a. These markers had similarity to a cation-
diffusion facilitator and a TRAP-transporter solute
receptor, respectively (Table S3). Cluster III isolates had
alleles 107 + 206 or 104 + 202 for marker StvMPh_94a,
which were not present in the other clusters; also alleles
134 or 137 for marker StvMPh_116a were not present in
other clusters except for isolate TN146. Though no direct
association of alleles and copper resistance can be made
at this time, in general isolates in Clusters I and III had
more resistance to copper than Clusters II and IV, and
these clusters were distinguished by threemarkers related
to copper oxidation or cation transport. The overall trend
in the level of resistance to copper sulphate of the isolates
is shown inTable 4.
Discussion
Single alleles per marker on each sample have been
reported previously when 13microsatellite markers were
tested on M. phaseolina isolates from soybean (Baird
et al., 2009, 2010) and from other plant hosts (Baird
et al., 2010). In the present work, however, 30% of the
microsatellite markers analyzed revealed more than one
allele on at least one of the M. phaseolina isolates
obtained from various plant hosts, including 12 isolates
collected from soybean. Interestingly, 22% of the mark-
ers that were multiallelic on individual samples also had
high score hits on BLASTx, indicating potential genetic var-
iability on actual proteins. The percentage of multiallelic
loci detected by SSRs in an organism is usually correlated
to the overall heterozygosity of its genome (Aparicio
et al., 2007); in addition, high heterozygosity is consid-
ered as high potential for adaptation to the environment
(Hansson&Westerberg, 2002). In general, isolates from
soybean had a lower percentage of multiallelic loci than
the rest of the isolates, with the exception of TN314
(Fig. 1). Although future experiments will be needed to
analyze the nuclear state of these isolates, if this trend
remains, this could indicate a low level of genetic
exchange among soybean isolates, perhaps because this
host association is probably dominated by a more homo-
geneous population of M. phaseolina. Further work is
required to test for the presence ⁄ impact of heterokaryons
and diploids and their potential role on the ecological fit-
ness of this pathogen.
Currently, the genetic resources for M. phaseolina
in public databases are limited. The present work has
contributed 680 nucleotide sequences of M. phaseolina,
220 of these corresponding to microsatellites that were
Table 4 Mean colony radius (n = 5) ofMacrophomina phaseolina isolates
on (a) potato dextrose agar after 48 h incubation and (b) 2Æ4 and 3Æ2 mM
CuSO4.H2O
(a)
Clustera Isolate
Colony
radius
(cm)
Groupsb
a £ 0Æ01
(b)
Cluster Isolate
Copper
resistance
radius
(cm)
Groups
a £ 0Æ01
III TN261 4Æ04 a III TN261 4Æ02 a
I TN146 3Æ58 ab III TN292 3Æ88 ab
III TN272 3Æ50 b III TN272 3Æ58 bc
III TN280 3Æ50 b III TN305 3Æ56 bc
III TN378 3Æ50 b I TN146 3Æ45 bc
III TN292 3Æ48 b III TN379 3Æ35 cd
III TN377 3Æ46 b III TN280 3Æ16 cde
III TN314 3Æ46 b III TN377 3Æ01 def
III TN379 3Æ42 b III TN5 3Æ00 def
II TN294 3Æ40 b III TN314 2Æ95 def
III TN296 3Æ32 b III TN296 2Æ91 ef
III TN295 3Æ28 bc III TN295 2Æ91 ef
III TN305 3Æ28 bc III TN378 2Æ79 efg
III TN5 3Æ16 bc IV TN291 2Æ69 fg
IV TN291 2Æ78 cd IV TN293 2Æ44 gh
IV TN293 2Æ48 d II TN294 2Æ24 h
aCluster I, II, III IV: indicates the cluster where isolates were
assigned in the dendrogram (Fig. 1).
bGroups: same letters indicate no statistically significant differences
at a £ 0Æ01.
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mostly polymorphic across the isolates tested. As previ-
ouslymentioned, accurate identificationofM.phaseolina
can be difficult and may require molecular systematics
(Crous et al., 2006). In a case study of a human infection
withM. phaseolina, cultural methods were time consum-
ing and not sufficient for identification, thus requiring
analysis of ITS and 28S rDNA sequences (Srinivasan
et al., 2009). The present work identified 27 monomor-
phic markers that amplified across all isolates evaluated.
These markers are indicated in bold in Table S2. If these
markers prove to be universal for M. phaseolina they
could probably be multiplexed to develop a PCR assay
for the fast identification of this pathogen in human
infections.
The unique pattern informative combination (UPIC)
score of a marker corresponds to the number of DNA
samples that can be individually discriminated from the
rest of the samples by that particular marker, i.e. a UPIC
value of 2 indicates that two samples have unique allele
patterns for that marker and can be distinguished from
each other and from the rest of the samples (Arias et al.,
2009). The present work lists 80markers with UPIC scores
different from zero. These can be used to plan future
experiments, allowing the selection of the most informa-
tive SSRmarkers developed, thus reducing the cost of the
analyses.
For many years, morphological, physiological and
genetic variations have been observed in M. phaseolina.
In some cases those variations have even been associated
with the plant host origin of the isolates (Pearson et al.,
1986a,b; Diourte et al., 1995; Su et al., 2001; Purkayas-
tha et al., 2006, 2008; Rajkumar & Kuruvinashetti,
2007; Baird et al., 2010); however, the methods used did
not allow identification of potential genes that could be
involved in the pathogen-host association. Performing
BLASTx and gene ontology of the sequences showed that
some aspects of the physiology of M. phaseolina could
have been altered in relation to the association with the
host from which each isolate was collected. Macropho-
mina phaseolina isolates from soybean all grouped into
Cluster III despite having been collected from five differ-
ent states (MS,MO, TN, KS andWI). The only exception
was TN146, the ‘soybean (alfalfa)’ isolate that grouped
with Cluster I. In general, Cluster I grouped isolates from
sunflower and maize, and cluster IV corresponded to iso-
lates frompumpkin and snap bean.
From the group of markers that most clearly separated
the four clusters in the dendrogram (Fig. 1, Table 3), the
three markers with the highest BLASTx scores corre-
sponded to a pisatin demethylase-cytochrome P450, a
transcription factor involved in RNA interference, and a
nuclear elongation and deformation factor. The marker
associated with pisatin demethylase-P450 had a unique
allele for isolates from pumpkin and snap bean, and
another unique allele for soybean isolates. It has been
shown in Nectria haematococca that demethylation of
pisatin is encoded by genes at three different loci, and
highly active demethylation is linked to pathogenicity
(Kistler & VanEtten, 1984). It is also known that the
cytochrome P450 component determines the substrate
specificity of the demethylation reaction, and that the
level of expression of its associated NADPH-cyto-
chrome-P450 reductase could affect pathogenicity (Des-
jardins & VanEtten, 1986), and play a major role in
adaptation to ecological niches (Deng et al., 2007).
A second marker with a high BLASTx score that clearly
distinguished the clusters in the dendrogram matched
Snd1 ⁄p100 transcription factor. Snd1 refers to Staphylo-
coccus nuclease domain containing 1, which harbours
multiple domains. It was first described as transcription
activator (Tong et al., 1995), then other functions were
described for Snd1 ⁄p100, such as chromatin modifica-
tion by recruiting histone acetyltransferase activity (Vali-
neva et al., 2005), and RNA interference (Yang et al.,
2007). Since single and unique alleles were observed for
this marker within each cluster, it would be interesting to
analyze the protein function in relation to the plant host
origin of the isolate.
Other markers that distinguished the clusters had low
BLASTx scores with some homology to riboflavin biosyn-
thesis, regulation of nitrogen utilization, an isomerase
and a copper oxidase. The marker related to the latter
had three alleles that could be related to the higher
resistance to copper observed in the soybean isolates
(Cluster III, Fig. 1). Fungi have developed numerous
mechanisms for copper resistance (Cervantes &
Gutierrez-Corona, 1994) some of them involving cell
wall composition, and in some fungi copper resistance
has been related to greater ability of spore germination
(Ramirez-Salgado et al., 1996). This is another aspect
that would be interesting to explore among the host
associations ofM.phaseolina.
The objectives of this work were to isolate a large
number of sequence-specific microsatellites from
M.phaseolina, screen themon isolates from various plant
hosts to identify polymorphisms, and examine the
potential association of the polymorphisms to biological
processes in the pathogen. Thus, this study fulfilled
various purposes. First, only 13 markers had previously
been reported forM. phaseolina (Baird et al., 2009), and
while studies using few loci can infer recent population
history, the analysis of large number of loci is more likely
to contain information about older events (Wang&Hey,
2010). The present work provides 147 newmicrosatellite
markers that will significantly enrich the molecular
resources forM. phaseolina. Secondly, by calculating UPIC
scores, markers were identified that detected the
maximum genetic variations on M. phaseolina samples,
hence minimizing cost of future population studies.
Thirdly, Dalziel et al. (2009) had recommended amecha-
nistic analysis of molecular markers in relation to gene
function as a more effective way to understand
environmental fitness. Performance of BLASTx and BLAS-
T2GO on the sequences allowed examination for the first
time of biological processes potentially affected by
polymorphisms at the loci that best distinguished the
plant host origin of the isolates of M. phaseolina. The
comprehensive approach used in the present work, and
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the large number of microsatellite markers reported, will
allow elaboration of testable hypotheses regarding het-
erokaryons, ploidy, and environmental fitness of this fun-
gus and provide insights into the host-pathogen
association in the plant-M.phaseolina interaction.
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